In an era of dramatic changes, enterprises tend to rely on tracking the main trends of technological evolution to maintain a competitive advantage when confronted with the impact of competing new and old technologies and disruptive innovation. This paper explores the evolution of nanotechnology via an analysis of the patent co-classification from the database at the United States Patent and Trademark Office (USPTO). A total of 518 patents on nanotechnology were analyzed. The trend of nanotechnology and the patents of high betweenness centrality were identified. It was found that the technical classifications of "semiconductor device manufacturing" and "chemistry of inorganic compounds" have the highest potential for future growth. These classifications have shown a stable number of filed patents and have become the mainstream in nanotechnology development since the 1980s. Furthermore, this study also showed that the patents owned by the US comprise a significant portion of the applications in the major technical classifications, which has played an important role in the evolution of nanotechnology. The results demonstrated that an analysis of the patent network can be a useful tool for both understanding and predicting the trend of an emerging technology.
Introduction
Nanotechnology is currently one of the core fields of technology to which most countries are positively committed [1, 2] . A nanometer (nm) is the physical description for the length of 10 −9 m. Nanotechnology concerns processes relevant to physics, chemistry, and biology and that take place at a length scale of one divided by 100 millionth of a meter [3] . The physical, chemical, and biological natures of objects of a nanometer structure are different from those in common scale, where the application of innovative technology derives [4] . Researchers in many fields worldwide are dedicated to the study of nanometers, including scientists from the fields of biotechnology, chemistry, electrical engineering, materials science, mechanics, and physics [5, 6] .
Nanotechnology has developed from the exploration phase to the commercialization phase [7] . The application and development of nanotechnology has not only changed human lives but also has become the crucial driving force in the development of technology and industry in modern times [8, 9] . The application of nanotechnology in the fields of photovoltaic technology, medicine and pharmacy, livelihood application, and energy technology has developed considerably. Nanotechnology's benefits depend mostly on the possibility to tailor the essential structures of materials at the nanoscale to achieve specific properties, thus, greatly extending the well-used toolkits of materials science. Materials created with the use of nanotechnology can effectively be made to be stronger, lighter, more durable, more reactive, more sieve like, or better electrical conductors, among many other traits. The Woodrow Wilson Nanotechnology Consumer Product Inventory lists over 1600 everyday items [10] . The US' National Nanotechnology Initiative (NNI) has, thus, claimed that nanotechnology is "the next industrial revolution" [11] . In the past 20 years, a steady stream of research and reports on various technologies related to nanotechnology were published (e.g. [12] ), projects related to R&D cooperation (e.g. [13] ), as well as R&D strategies were planned at the national level (e.g. [7] ). Schummer [14] stated that the policies regarding nanotechnology are expected to have exponential growth after 2000. Thus, elucidating the nanotechnology's evolutionary structure and recognizing major technical trends are the primary areas of focus for researchers and nations to grasp the opportunity for development.
The concept of technological evolution originated from Schumpeter's [15] idea of creative destruction. Schumpeter [15] held that creative destruction is a process of qualitative change in which continuous innovation of products and processes destroys old processes and products for the sake of innovation. Because of the difference in environments and opportunities, technology will be confined by technological regimes; therefore, it will be necessary to establish certain specific technological guidelines, usually based on a pattern for subsequent technological progress [16] [17] [18] . Dosi [19] pointed out that within the range of the technological paradigm, the development of technology and problemsolving activity will have a specific direction, which can be defined as a technological trajectory. When the technological trajectory presents discrete or significant changes, a new technological paradigm may appear. Friedman [20] argued that the development of technology must consider factors, such as humanity, organization, and regime. Other scholars assert the importance of the role of governments, institutions, and universities in technological development trajectories [21, 22] . Technological evolution can be regarded as technological transformation based on existing technologies that consider all kinds of factors, both subjective and objective. A set of systematic analytical methods is indispensable for understanding technological evolution because the evolution of technology is indefinite and difficult to observe. In most previous studies, scholars adopted a bibliometric analysis, a set of methods by which to quantitatively analyze scientific and technological literature. Citation analysis and content analysis are widely adopted bibliometric methods. These approaches have been applied to track relationships among academic journal citations. Citation analysis searches for materials and analyze their merit by examining the referring documents of an item [23, 24] . Traditional bibliometric analysis regards technological development as an independent process and observes the evolutionary trends in technology in each period. However, the correlation between technologies in different periods is ignored.
Abernathy and Utterback [25] proposed that the evolution of technology will eventually present a dominant design, which, in turn, could transform the progress of technology from a drastic change to a gradual change [26] . Cao and Wang [27] considered the progress of technology as path dependent, while McKelvey [28] proposed that all new changes are incremental and based on previous changes. Therefore, a network analysis of technological evolution is highly desirable. In view of the close relationships between various patents, it is important to analyze the interconnectivity of various technologies using a network perspective. Stuart and Podolny [29] proposed that the interdependent relationship among the technologies and the correlation of inventions could be observed through a network structure. The networks would be linked by nodes and ties, in which the nodes would be represented by inventions and the ties by the commonality of the inventions [30] . In order to provide an observational method to find revolutionary technological trends and the correlation between technologies, this study examined the correlation between patented technologies by utilizing the perspective of social networks. It has provided a more comprehensive and visual angle from which to observe the trajectory of revolutionary patented technologies, while noting the shortage of existing research methods applied in the relevant literature.
This paper contains five sections. The first section introduces the content and motivations of the present study; the second section discusses the correlation between patent and technological revolution and introduces the development of social networks and nanotechnology; and the third section details the research design, which introduces the research methods utilized in this paper. The fourth section is an analysis of the empirical research results. Finally, the fifth section gives a conclusion and suggestions.
Literature review

Patent and technological evolution
Several methods are available to observe technological evolution [31] [32] [33] [34] [35] , but a few can show technological evolution as precisely as patent analysis. A patent is a protection given to R&D outcomes and an important index for measuring R&D output. During a specific period of protection, the patent owner has the monopoly right over the products developed [36] . Ernst [37] proposed the patent as the full source of knowledge with regard to technical development and innovative activities. Mogee [38] held that a patent is a kind of public technology information. The abstraction of useful information for R&D as well as competition from the patent data pool is open to all. Consequently, patent analysis can be used to forecast the direction of technical evolution [31] .
Pavitt [39] generalized and divided the patent's analytical methods into three types: The first type establishes the interrelated development of technical fields through bibliometric techniques, such as citation and co-citation. Fontana et al. [40] explored the technical development of the Ethernet through the network formed by patent citation. They not only discovered inventions with a high level of importance but also identified the major trajectory of technical development. The second type measures technical changes through patenting activity with the combination of economic growth variables. For example, Scherer [41] measured the growth trend of four critical categories of technologies through an established regression model with the number of patents issued to the firms, firm size, liquid assets, and profits. The third type evaluates the context and differences in technical development and policy through the indicators of scientific and technological activities. Holgersson et al. [42] suggested that the patent information can be used to analyze a company's patent strategy. Stephan et al. [43] made use of a quantified patent index to study lithium-ion battery technology development in Japan and found that, over time, various sectors were important to its knowledge development and diffusion.
By calculating accumulatively, the patents concerning nanotechnology in the US during the period 1976 to 1999, Hullmann and Meyer [44] found that three main fields of chemicals/pharmaceuticals, instruments, and electronics accounted for more than two thirds of all nano patenting, which presented stable and substantial growth after 1990. Huang et al. [45] adopted a bibliographic coupling analysis to study Taiwanese high-tech electronic companies' patents applied for in the US, discovering that the technological developments in Taiwan's industry can be divided into six major groups: semiconductor, computer peripheral, scanner, notebook/monitor, system, and IC design/ packaging. They also found that the computer peripheral, scanner, monitor, and image processor are located closer to the center of a patent citation map, in the core area of high-tech industry in Taiwan.
Li et al. [46] observed the patterns of evolution in the semiconductor industry value chain by considering both the average patent citation count and the relative patent count share. They found that the Foundry has gradually become the technology transferor instead of the manufacturing capacity provider. Furthermore, the Foundry has had a great impact on the development of wafer-process technology and the wafer-design application technology fields. Lim et al. [47] explored the technological evolution of three microprocessor firms between 1976 and 2004 by patent analysis. They showed that in the periods of competition, the firms tend to utilize patenting within patent classes to gain a competitive advantage. During the period of cooperation, the established incumbent firms might engage with the entrants through co-opetition and open innovation.
Social network
Axelsson and Easton [48] suggested that a network is an aggregation formed through a variety of relationships, and the format is shaped by a group of people, objects, or events [49] . In other words, a network concretely displays an inter-node relationship. If the relationship within the network mentioned above is conceptualized, a network is the relationship formed by nodes and ties [50] .
The closeness of the relationship between the two nodes is decided by the number, types, frequency, and privacy of the resources exchanged [51] . Scholars have suggested that the analytical range of a network relationship is unlimited, such as a technology alliance, organizational learning, virtual community, and the like [52, 53] . A network analysis focuses on the exploration of the nodes and ties, so scholars hold different views on what can be used to represent the node and which relationship can represent the tie.
Previous scholars proposed that firms may be considered as nodes, and the interaction between firms may be regarded as lines in between. Johanson and Mattsson [54] held that a network is formed based on dependence between firms. A network relationship, which is built up by network members through long-term reciprocal interactions, symbolizes the relative interests obtained by the network members through the specialization and the complementation of resources between different members. Badi et al. [55] asserted that a network is a structure established by different companies through direct or indirect business relationships. In addition to the commercial interactive relationship, correlations between inventions also form network relationships [50] . Stuart and Podolny [29] delineated the co-citation of patents as the tie of two inventions in the network. Breschi and Lissoni [56] analyzed the patent network formed by patent citation and discovered that the main factors leading to the localization of a knowledge stream are the mobile inventors and the shorter co-invention chain between two inventors. Moreover, many scholars believed that a network relationship can also be established through literature coauthorship [57, 58] . Barabási et al. [59] pointed out that the network established by literature co-authorship is a scale-free network, and the individual author has a preferential attachment when researching other authors to cooperate with. Goldenberg et al. [60] observed social networks among marketing scholars from the co-author point of view. They regarded authors as the nodes and their joint papers as the links in the network, displaying a growth in the percentage of the main component size from approximately 23% in 1979 to approximately 69% in 2008.
Development of nanotechnology
The influencing span of nanotechnology is deep and wide such that many countries now actively invest in a variety of resources to support nanotechnology research. Nanotechnology has been developing rapidly since the 1980s. Nanotechnology theory and related applications are mature: commercialization has begun and by 2000 became known to the public. The essential period of nanotechnology development is in 2000-2010, which can be divided into two stages according to 5-year national level nanotechnology projects. Major participants in nanotechnology, like the US, Japan, European Commission, and other countries, began to designate more funding to nanotechnology development between 2000 and 2005. Until 2006, the capital invested by the world's major economies into nanotechnological research and development was 10 times that invested in 1997. The US and Japan are the most positive investors. Investment by the US and Japan comprises more than 50% of the total global investment. From 1997 to 2005, the total investment of these two countries increased 10 times over [61] . The second stage of these nanotechnology projects is in 2005-2010. However, there is no information from the third stage of the national nanotechnology project from the major nanotechnology countries; thus, this study focuses on the period 1980-2010 to observe the critical development of the nanotechnology sector.
The US proposed a National Nanotechnology Initiative (NNI) plan in 2000 and passed the 21st Century Nanotechnology Research and Development Act to ensure that the country could integrate resources in order to fully develop nanotechnology. Since 2000, Japan has also prioritized nanotechnology and nanomaterial as one of four fields for development. In 2005, Japan's budget for science and technology in 2005 was 117.4 billion JPY (Japanese Yen) in the hope that the government could drive the 5-nm-related industries (Equipment, R&D, Materials, Products, Service) to development.
Because of its broad implications, nanotechnology has recently attracted global interest in various fields [1, . Calero et al. [62] classified clusters of authors to various research groups by a publication analysis. They found that the research group can be identified in functional rather than physical terms. Takeda et al. [64] investigated the research domains and various countries' performance in nanobiotechnology, and found that nanostructures, drug delivery and biomedical applications, bio-imaging, and carbon nanotubes and biosensors are the four major research domains in nanobiotechnology. Leydesdorff and Zhou [66] employed nanotechnology journals and nanotechnology patents in the US patent database as examples to delineate a core set of nanotechnology journals. They found that 10 core groups of nanotechnology journals can be identified by betweenness centrality, with the patent references primarily to general science journals and letters. Meyer et al. [67] explored the emergence of nano-science and nanotechnology in the UK using patent data. They found regional concentrations of scientific activity as well as a concentration of nanotechnology firms in the "science hubs". Despite the above research providing an explanation and illustration for nanotechnology by network analysis, it mainly focuses on investigating structure and characteristics of networks. Little research has been done exploring changes in the network structure or assessing mainstream technologies at different time periods. This report will explore the evolution of nanotechnology at different time periods via the patent citations network analysis of the patents data at the United States Patent and Trademark Office (USPTO).
Research design
This study employed patent analysis to examine the evolution of nanotechnologies. Despite the disadvantages, such as patents and technology trends, search could yield overwhelming volume of data to be reviewed, patent analysis offers advantages in terms of providing invaluable analytic support to a firm's R&D and technology management, strategic planning, human resources, intellectual property management, mergers, and acquisitions; and, patent analysis can also serve as technological indicators and warning. Moreover, patent analysis has been deemed the optimal tool to recognize innovation sources and technological change. The data extracted for bibliometric study and patent analyses is generally objective, credible, and reliable, and customizable analytic and visualization instruments are commonly accessible [68, 69] .
The data for analysis was from the US Patent Classification (USPC) patent database at the USPTO. The USPC is a systematic patent management tool developed by the USPTO that classifies technical literature based on common subjects. Each subject contains the major classification "class" and the subcategory "subclass." Class is used to distinguish technical categories, while subclass categorizes the process, structural, and functional features. Using digits, the USPC code represents the class and subclass classifications, and this system includes more than 450 class and over 150,000 subclass. The term "nano" was used as the keyword for searching the titles and abstracts of patent information in the USPTO from 1980 to 2010. Patents in which the titles and abstracts include the word "nano" were selected. The results of the search of the US Patent Collection database for query code (TTL/nano AND ABST/ nano AND ISD/19800101→20101231) were 559 patents. After retrieval and screening, a total of 518 patents were obtained, which were distributed in 149 classifications. This study adopted first-level USPC classification, such as 977, because the first-level classification distinguishes one technology from another technology. The patent applications under first-level "Class" clearly illustrate the domain of a different technology. A refined search for subclass may include patents of process, structure, and functional patents, which is not conducive to the interpretation of a patent development path. Multiple levels do provide detailed patent information, but fine classification yields more errors than first-level classification [70] and may cause distortion when analyzing the development trend.
This study then examined the progress of nanotechnology using patent network analysis, mainstream technology analysis, and network concentration analysis. In the patent network analysis, we investigated the patent application capability of various countries. By using commercially available UCINET software (Lin Freeman, Martin Everett and Steve Borgatti, Harvard, MA, USA), we depicted the patent networking of nanotechnology. In mainstream technology analysis, the growth and decline of patents for nanotechnology in different categories were examined. A mainstream technology evolution diagram was also completed to illustrate the evolution of the mainstream technology and its change with time. The performance of development of mainstream technologies for various countries globally was also analyzed. Finally, in the network concentration analysis, the degree of centrality of patent network was first investigated. The Gini coefficient was then employed to assess the degree of centrality of the network.
Patent co-classification analysis
Patent co-classification is a more suitable approach in patent bibliographical studies for analyzing technology flows and technology distance among nations and organizations [71] [72] [73] [74] . Patent co-classification takes technology units as nodes [29, 55] then analyzes the size of nodes to determine the number of patents applied and the distance between nodes to identify the knowledge flow between nodes [75] . Unlike citation methods in a publication system, patent co-classification is more regulated as patents cover both applicant's and examiner's citation to prevent patent litigation [70] . When a patent was applied in two technology classifications simultaneously, it produced a link due to such applications. When the number of patent applications and classifications were sufficient, a patent network was formed. For example, the nodes of A, B, C…I in Figure 1 represent different patent classifications, and each classification is represented with different patent classification codes. Additionally, the connection between the different nodes is then formed by different patent application classifications. This study will construct and observe the network of nanotechnology patents.
Analysis of mainstream technology
Nanotechnology started in the 1980s. However, due to a shortage of funds and deviations in technology development, before 2000, nanotechnology's development record was poor. After January 2000, when the US announced the NNI plan, the study of nanotechnology significantly developed. The present study constructs the patent network based on three periods (1980-2000; 2001-2005; and 2006-2010) and identifies the mainstream growth of nanotechnology in each period.
The analysis of network concentration
The key point to understand in this phase is the level of network concentration and uneven distribution of patent networks in the different periods. The network concentration is used to measure the nodes with the most ties and the differences for other nodes. The level of uneven distribution is utilized to measure whether the ties between the nodes are excessively concentrated on some minor nodes only. In this phase, the study first uses group degree centrality to explore the level of concentration of the patent network, as per the following equations:
In this formula, the term X ij represents a particular node i that has connectivity with j, while X ji represents whether a node j has connectivity with i. The term g represents the total number of nodes in a network. If X ij = 1, it means that the nodes i and j in the network are mutually related. If X ij = 0, then they are unrelated.
The higher the group degree centrality, the more centralized the power of the network, and the nodes connected with the most ties are distinctive from others in terms of the number of connections. From the perspective of patent applications, if many ties in a technology classification exist, it means this classification is the one a patent would choose to apply for when the patent needs to apply in two or more than two classifications. Additionally, group degree centrality was used to measure the distance between well-developed patent technology classifications and poorly developed ones.
After the measurement of group degree centrality, the present study measured the degree of uneven distribution of the ties of node with a Gini coefficient, expecting to see whether an application for a patent is concentrated in certain minor technology classifications only. A considerable number of studies use the concept of the Gini coefficient to measure the degree of concentration in a variety of behaviors or states, such as digital gaps, the distribution of disease, or educational resources [76] [77] [78] . A Gini coefficient originally referred to a concentration index measuring the uneven distribution of family income. A smaller Gini coefficient represents a more equally distributed income for the family. This definition is mathematically represented as follows: 
Results
Patent networks
Before the network analysis, we analyzed the number and proportion of patents owned by different countries. Within the investigation scope of the present study, 518 nanotechnology patents owned by 21 nations were retrieved. The analysis result in Table 1 suggests that the nanotechnology patents are mostly owned by the US, South Korea, Japan, and Taiwan, at 49.03%, 16.02%, 15.44% and 8.69%, respectively. Obviously, the US is the leader in the field of nanometer technology patents, followed by South Korea. Nevertheless, Korea maintains a huge lag of 33% behind the US in numbers of patents.
This study used the sizes of the nodes to determine the number of technical classifications applied for. A larger node meant that more patents had applied for a certain technical classification; the tie between the nodes indicated that one patent belonged to two technical classifications, separately. As shown in Figure 2 , the classifications 15 (brushing, scrubbing, and general cleaning) and 55 (gas separation) are linked because one patent applied for these two classifications at the same time.
Furthermore, this study shows the patent network over three different periods to demonstrate the trends in the technological revolution, with results shown in Figures 2-4. Figure 2 is the patent network formed during the period from 1980 to 2000. As patents were limited between 1980 and 2000, the patent classifications applied for in this period were also limited. In addition, the differences between the technical classifications were small. We also found that the frequencies of the applications in classifications 428 (Stock material or miscellaneous articles), 423 (Chemistry of inorganic compounds), 438 (Semiconductor device manufacturing: process), and 204 (Chemistry: electrical and wave energy) were relatively larger. However, in the second period between 2001 and 2005, we can see from Figure 3 that some nodes were especially outstanding and exhibited much greater sizes than the others. In other words, in this period, some classifications were applied for with a much higher frequency than others, including classifications 977 (Nanotechnology), 438, 257 (Active solid state devices), 428, 423, and 427 (Coating processes), among which 977 exhibited the highest frequency. The technical classification 977 is labeled as "Nanotechnology." Technologies concerning nanostructure, or using materials with length scales between 1 nm and 100 nm, can apply for this classification. Because this classification covered such a broad scope, it quickly became the major application classification, surpassing other technical classifications in the aspect of application frequency. Our results here matched those of Ref. [79] , which discovered that patent classifications 438, 257 and 427 were the major fields of nanotechnology patents during 1976-2004.
During the period 2006-2010, classifications 977, 438, 257, 428, 423 and 427 were applied for with high frequency. The difference lies in that classifications 977, 438 and 257 increased to a larger extent in terms of patent applications than in the previous period, as shown in Figure 4. 
Mainstream technology
In order to further analyze the growth and decline of various patent technical classifications, this study used the histogram to identify mainstream technologies. Different colors in the histogram ( Figure 5 From the histogram, we can see that the application frequencies for classifications 204, 424 (Drug, bio-affecting and body treating compositions), 445 (Electric lamp or space discharge component or device manufacturing), and 430 (Radiation imagery chemistry: process, composition, or product thereof) did not grow much during these three periods. The application frequency for classification 428 had no progress after a sizeable increase in the second period. Patent classifications 257, 427 and 977 had no record of being applied for in the first period. However, they increased quickly during the second and third periods, becoming the classifications with the highest frequency of application after 2000. Moreover, we found that the application frequencies for technical classifications 423 and 438 maintained stable growth during the three periods. In particular, classification 438, which is related to semiconductors, was applied for 90 times and was maintained as the major technological field across the three periods. In other words, these fields will remain as the main trends in nanotechnology development in either the past or in the future.
We further analyzed mainstream technologies at different time periods. The result in Figure 6 shows that during the first period, the classification 204 (Chemistry: electrical and wave energy), 264 (Plastic and nonmetallic article shaping or treating: processes), 423 (Chemistry of inorganic compounds), 428 (Stock material or miscellaneous articles), and 438 (Semiconductor device manufacturing: process) were the mainstream technologies. The classification 428 has the highest application frequency. During the second period, the classifications 423, 428 and 438 continued to grow. However, the classifications 257 and 977 took over classifications 264 and 204 to become the major technologies.
In addition, classification 438 exhibited the most applications. The mainstream technologies of the third period are similar to that of the second period, except for classification 977, which became the major patent application. The results here match that of Ref. [63] . However, unlike their results, we found that classification 977 became a mainstream technology after 2005.
Finally, this study listed the top 10 classifications during each period and the countries applying for those classifications in Table 2 . We can clearly see that as far as classifications and periods are concerned, the US owned the most patents, and its patents in some fields surpassed 50% of the total number, such as classifications 977, 438 and 428. Among these, applications for classification 428 (Stock material or miscellaneous articles) reached a 100% application rate in the second period. In other words, the US ranked at the top in most research fields. We believe that the US government plays a critical role in contributing to such achievements.
Since 1996, the US government has invested heavily in nanotechnology. In 1998, the US was the first country to establish an interagency working group on nanotechnology (IWGN) to evaluate the possibilities of future development of nanotechnology. In January 2000, the US began to promote the NNI plan. Since the plan was initiated, the US has invested at least US $10 billion in R&D for nanotechnology. In 2009, the investment was estimated to be approximately US $1.5 billion [80] . This project has not only effectively promoted the development of the US' fundamental nanotechnology research but also has encouraged US companies' enthusiasm for developing nanotechnology.
Japan and South Korea are the countries with the second highest numbers of patents in nanotechnologies. Japan applied for most patents in classifications 360 (Dynamic magnetic information storage or retrieval) and 423 (Chemistry of inorganic compounds), the reason for which can be seen from the policies promoted by the Japanese government. Japan integrates official resources for nanotechnology, which are responsible for integrating organizations and resources from industry, universities, and government; and formulated developmental strategies directed at application fields and highlighted research in the material field. Meanwhile, South Korea paid more attention to technical classifications 257 (Active solid-state devices) and 438 (Semiconductor device manufacturing: process), which are relevant to South Korea's policy of emphasizing the development of nanotechnology in semiconductor and integrated electronic components.
Network concentration analysis
First, from Table 3 , we can see that group centrality increases over time. This can be explained by the fact that some technology fields have become the main trend in nanotechnology development. Furthermore, the technical classification with the highest application frequency has far surpassed the application frequencies of other classifications, and the gap has increased. In other words, the development direction of nanotechnology has become clear. With the purpose of judging the degree of unequal distribution of patent technology applications, this study calculated the Gini coefficient of different types of firms according to the number of ties for each technical classification. The analytical results are shown in Table 3 . In general, when the Gini coefficient is lower than 0.2, it means a status of highly equal concentration; 0.2-0.3, an equal concentration; 0.3-0.4, a relatively proper concentration; 0.4-0.5, a concentration with higher deviations; above 0.6, an extremely unequal concentration. The results in Table 3 show that the concentration in the first period was equal. In the second and third periods, the concentrations were much higher than in the first period but still within a proper range. The Gini coefficient in the second period was highest, which means that when the patents in this period applied for two or more classifications, they were directed to a few specific technical classifications. The result here further testifies to the theory proposed by Abernathy and Utterback [23] that the evolution of technology will eventually present a dominant design, which, in turn, will confine the JP (18) KR (7) CN (3) TW (3) AT (1) IL (1) US (1) BE (1) DE (1) 36 427 US (13) JP (5) AT (1) CN (1) DE (1) IL (1) 22 360 JP (10) US (7) KR (1) 18 524 US (5) KR (3) JP (2) CN (1) DE (1) PT (1) TW (1) 14 435 US (10) CN (1) JP (1) TW (1) 13 429 US (5) KR (3) JP (2) CA (1) CN (1) TW (1) progress of technology to a gradual change rather than a drastic change.
Conclusions
This study used nanotechnology patents in the United States Patent Database to observe the evolution and networks of nanotechnology at different times. The coclassification approach shows that the classification 977 Nanotechnology became a large sector in nanotechnology development because it covers broad aspects of nanotechnology and fulfilled the previous lack of specific classification for nanotechnology. Also, classifications 428, 438, 257, 423 and 427 are also important sectors for nanotechnology applications. These sectors cover applications in materials, compounds, semiconductor device manufacturing process, active solid state devices, and coating processes, indicating that development in nanotechnology focused on its application for materials and process applications. The study identifies the rapid development in the nanotechnology patent sectors. Based on the network nodes' size, we were able to distinguish the most applied patent category as mainstream of nanotechnology. Moreover, this study analyzed countries applying for the top 10 patent technology classifications and found that the US has pioneer advantages in many patent classifications, such as 977, 438 and 428; this may be due to an early start with a national nanotechnology project and the amount of resources involved, which reveals the importance of national-level projects.
Finally, this study focused on testing of the network concentration and found that the group centrality of networks eventually increased year by year, which, we believe, resulted in a spontaneous, but unequal, distributive development in patent applications. The Gini coefficient test also showed that the coefficients in the second and third periods tended to be higher, meaning that just a few specific technical classifications received attention when applying for a patent. Although the coefficient has not yet reached a high level, we suggest that, in addition to the development of mainstream technology, researchers should also pay attention to the technology that few people apply for to take advantage of the opportunity to be at the forefront and establish entry barriers.
